Since autumn 1993 the BIFROST project has provided daily GPS solutions of geodetic positions from a network of more than 40 stations covering a large area of the Baltic shield. This area is expected to show large vertical motion due to glacial isostatic rebound following the deglaciation at the end of the Pleistocene. This paper will discuss the inference of three-dimensional rates of crustal motion at the GPS stations with respect to (1) a plate-fixed average for the horizontal components; (2) a geocentric reference in order to infer absolute changes of sea level from vertical crustal motion and models of geoidal rebound. We show that the horizontal strain rate pattern is largely dominated by unilateral extension and not exhibiting horizontal shear to an important extent. In regard to the vertical motion a crucial issue is the stability of the geocentre in the GPS frame. We show results from an Empirical Orthogonal Function analysis that attenuates regionally correlated noise. In all components our observations suggest reasonably close agreement with forward computions on the basis of postglacial isostatic adjustment. A dominant tectonic signal would lead to a certain fraction of the batch of baselines to exhibit shortening. A tectonic process leading to a similar pattern of horizontal motion as expected from postglacial rebound can safely be dismissed in the context of the currently accepted plate tectonic setting. Thus, our baseline rate comparison will be a critical first order test of the prevailing style of deformation.
Introduction
The BIFROST project was started in 1993 to employ continuous GPS observations at permanent stations for primarily the measurement of vertical crustal motion (BIFROST et al., 1996; Scherneck et al., 1998) . During planning for the project it became clear that measurements of contemporary motion related to the isostatic rebound in response to the retreat of the Pleistocene ice sheet in Fennoscandia and ensuing sea level changes (as a consequence of a global change in land ice mass) would demand a precision in the lower range of tenths of millimetre per year. This precision is needed to add significantly new information to the studies of this problem (Ekman, 1988; Douglas, 1991 Douglas, , 1992 Tushingham and Peltier, 1991; Mitrovica and Peltier, 1991; Mitrovica et al., 1994a; Ekman, 1996; Lambeck et al., 1998) .
With VLBI (Very Long Baseline Interferometry), SLR (Satellite Laser Ranging), and GPS space geodesy appears to offer the required resolution from reasonable observation time spans (one decade). Space geodetic techniques also create qualitatively new information. The vertical motion of the crust is observed independently of a regional height reference like mean sea level or temporally changing geoid. The capability to observe horizontal displacement Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. over medium to large distances at a precision prospectively better than 10 −10 /yr (0.1 mm/yr over 1000 km) adds two additional spatial components, which cannot be achieved with any ground-based technique.
However, neither VLBI nor SLR networks have been designed especially for this application, with the consequence that the field of motion is sampled in a station geometry that is far from optimum. Thus, the systematic pattern of tangential velocities radiating outward from the uplift centres can be difficult to separate from plate tectonic motion (James and Lambert, 1993; Argus et al., 1999) . GPS offers the currently most cost-efficient method to tailor dense observation networks for continuous monitoring.
By comparison with tide gauge observations, the crustal motion at the gauges can be inferred and a regional change of absolute sea level thus be determined. The relatively large number of tide gauges in the area can thus contribute to sea level studies on a global scale (Carter, 1994; Davis et al., 1999) .
The horizontal observations can be shown to add critical information that render the inverse solutions for mantle viscosity structure and lithosphere thickness more unique and place tighter bounds on ice shield parameters (James and Morgan, 1990; Mitrovica et al., 1994a, b; Scherneck et al., 1999) . Many space geodetic techniques have the sensitivity to recover horizontal deformation components due to post-glacial rebound (James and Lambert, 1993; Mitrovica et al., 1993; Argus et al., 1999; Campbell and Nothnagel, 2000; Haas et al., 2000) .
Background
From a plate tectonic perspective one should expect the interior of a continental shield away from known zones of orogeny to deform at very low rates. The term "rigid plate" has been coined to contrast interaction at plate boundaries. To expect absolute rigidity, however, is certainly not realistic, but rather a range of small deviations from stability. Seismicity might be a strong indicator, especially in a prevailing compressive stress background as appears to be the case in Fennoscandia (Brereton and Müller, 1991; Müller et al., 1992; Steinberger et al., 2001) .
As regards earthquakes the Fennoscandian shield is not totally inactive. Zones where seismicity has a regional maximum are found along the Norwegian coast, in the northern central parts of the shield, along the western coast of the Gulf of Bothnia, and around the great lakes in Southern Sweden, while lowest levels are reached in the southern half of Finland (Ahjos and Uski, 1992; Arvidsson and Kulhánek, 1994) . The seismically most active zones appear to correlate with known fault zones (Talbot and Slunga, 1989) . Several indicators suggest low levels of coseismic strain release in the interior of the shield, i.e. the area covered by the GPS networks. These are (1) maximum expected accelerations as shown in the Global Seismic Hazard Assessment Project's map (Grünthal et al., 1999) being an order of magnitude below the levels found e.g. in the Alpine belt; (2) maximum expected local magnitude (M L ) at about 4.5 (Kijko et al., 1993 ; the three Fennoscandian earthquakes exceeding M L = 5 occurred at peripheral locations, cf. Muir-Wood, 1988) , and in the Oslo Fjord 1904); (3) b-values of the Gutenberg-Richter spectrum between 0.8 and 1.5 in combination with low levels of energy release (Skordas and Kulhánek, 1992) ; and (4) deep (20 to 40 km) hypocentre locations of the majority of the larger events (Arvidsson and Kulhánek, 1994) .
The earthquake activity seems to indicate ongoing deformation of the shield, albeit at a low level. Since a correlation between the rebound and seismicity is still remaining unclear (Gregersen, 1992) either a combination of plate tectonic stresses and rebound stresses or a leading role of the former might have to be advocated. The low seismicity levels and low magnitude of the greatest expected earthquake suggest localised strain release to have a low impact on the BIFROST network. The network would then observe primarily the elastically released strain of the crust, which is more evenly distributed. However, there is an open debate after propositions of large ratios between aseismically and coseismically released strain in the fault zones and even outside (Slunga, 1991) referring to results from triangulation and trilateration in Finland Kakkuri and Chen, 1992) . Campaign-based GPS studies in Sweden claim motions of 1-3 mm/yr both at or below a 200 km scale (in the Scania province around the Törnquist zone, and across fault zones at the shield scale .
In other parts of the world, either the motions observed in campaign work are much larger (e.g. Kahle et al., 1999) or small motions are studied with continuous methods (e.g. Bennett et al., 1999) . We hope that our work can contribute unique evidence as to the importance of faulting and the hypothesis of large, aseismic slip for deformation in Fennoscandia.
At this early stage of the BIFROST project the horizontal data has not yet obtained the necessary homogeneity in precision and accuracy required for a detailed inversion and safe interpretation of tectonically active zones. Therefore, it appears appropriate to aim at a first order comparison of predicted rebound motion and GPS observations and from that gain a parameter representative for the goodness of fit.
Fortunately, the expected horizontal rebound component has a unique property-the deformation is dominated by surface extension throughout the uplift area. Thus, baseline length would be increasing throughout and be only weakly dependent of azimuth (following the circular asymmetry of the uplift pattern), whereas tectonically dominated motion would have a considerable degree of shear (Talbot and Slunga, 1989) .
Also, the brittle-ductile response of Fennoscandia in the ambient stress field related to NorthAtlantic sea floor spreading and sub-lithospheric stress transfer is forced to have compressional components. A dominant tectonic signal would lead to a certain fraction of the batch of baselines to exhibit shortening. A tectonic process leading to a similar pattern of horizontal motion as expected from postglacial rebound can safely be dismissed in the context of the currently accepted plate tectonic setting. Thus, our baseline rate comparison will be a critical first order test of the prevailing style of deformation.
Data Analysis
Our inference of motions proceeds in several steps: daily analysis of observations; simple analysis within a Europefixed frame of motion on a per-site basis from the complete daily data base; and a stage where the longest time-series are used to construct a basis for Empirical Orthogonal Functions (EOF) for the reduction of regionally coherent noises.
Daily GPS analysis
GPS data analysis employs GIPSY/OASIS-II (Webb and Zumberge, 1993) . More details will be given in a forthcoming paper . From September 1996 on we use nonfiducial GPS orbits from JPL, which are expected to reduce inherent ITRF biases that are conveyed through the IGS orbits. Before September 1996 we used IGS orbits, which are tied to certain ITRF epochs.
Time series of geodetic positions
The results of the day by day processing are first reduced with a rigid rotation, where the rotation rate is obtained from the ITRF96 (Boucher et al., 1996) velocity field at a selected set of European IGS stations. Most of these stations are collocation sites for different space geodetic techniques. The rigid rotation is divised free of translations in order to suppress the vertical components, thus avoiding to bias the vertical motion estimates in the BIFROST network. In this way, the long-term geocentre stability of the reference frame fully controls our vertical components. Also the scale is preserved in this procedure. This is important since within the European bounds of the network, the rebound motion contains a scale-effective component. In the no-net-rotation frame the average rotation of the European stations is on the order of 4.6 nrad/yr.
We also derive baseline length estimates with GIPSY/ OASIS-II utilities (Webb and Zumberge, 1993) . The observed baseline length has the advantage of being unaffected by orientation and translation of frames and satellite orbits. Due to the regional extent of the network the baselines are more sensitive to horizontal than to vertical motion. Thus, their length change is expected to be a rather clean data set from which inference on the style of deformation might be drawn more safely.
Motion detection
Analysis of motion consists of fitting straight lines to the geodetic positions assuming constant rates of motion. The possible presence of systematic errors, nonwhite noise, irregularities in the data base, and misjudged uncertainties all require attention. We introduce a second analysis stage to take care of regionally correlated errors. The details of this approach will be presented in Johansson et al. (2001) ; in short, the residuals of the first stage of the analysis are collected within a wide region and subjected to an empirical orthogonal function analysis simultaneously with a renewed straight-line and offset adjustment. The re-imported timeseries show a considerable degree of coherence (cf. Fig. 1 ). In the EOF approach they are represented by one eigenvalueeigenvector pair. Thus, only the common mode is admitted. However, unlike in the "spatial filter" devised by Wdowinski et al. (1997) , the admittance of each individual time-series depends on its correlation with the common mode. This gives the method an adaptive property. In this second stage of the least-squares fit we also include predicted air pressure loading deformations; they are computed with loading Green's function convolution over the global land masses from daily averages of global pressure fields (from the European Centre for Medium Range Weather Forecast).
The horizontal deformation field is invariant with respect to a rigid rotation. For example the Laurentide rebound may induce motion in Europe that is spatially almost constant at some fraction of a mm/yr towards the NW. This component is not included in the NUVEL plate motion model (DeMets et al., 1994) . Also, the projection of the GPS positions into the velocity field of the ITRF96 (Boucher et al., 1996) ing the actual subset of stations that are in common with BIFROST processing may introduce a rigid rotation bias. We therefore subject the observed horizontal motion, along with their uncertainties, to a rigid adjustment against the predicted horizontal motions before we compare models below.
Rebound Model
The purpose of this paper is neither to exclude certain sources of motion nor to fine-adjust models, but rather to present a first account of what our observations are indicative of. Consequently we will present a comparison of observed motion with a forward model prediction of 3-D motion due to isostatic rebound after the Pleistocene deglaciation.
The model details will be presented in Milne et al. (2001) . It incorporates the ICE-3G model by Tushingham and Peltier (1991) except for Europe where the most recent model by Lambeck et al. (1998) is adopted. The solid earth viscoelastic isostatic part of the model is basically described in Mitrovica et al. (1994a, b) . The sea level equations are solved with the iterative algorithm of Mitrovica and Peltier (1991) . These equations have recently been extended to include a time-dependent coastline and improved treatment of the ice migration .
The solid earth parameters adopted in our forward model for the comparison with observations are consistent with the ice-earth-model by both Wieczerkowski et al. (1999) and Lambeck et al. (1998) . They consist of a PREM (Anderson and Dziewonski, 1981) 
Results and Discussion
The motion detected by BIFROST from observations between September 1993 and December 1997 is shown in Figs. 2 to 4. For comparison we show the forward modelling results of Section 4. The vertical results are discussed in more detail in Johansson et al. (2001) . The normalised χ 2 of the vertical motion data decreases from near 100 for a null hypothesis to 2-3 for the best fit forward model with a 70-100 km thick lithosphere, 3-5 × 10 20 Pa s upper mantle viscosity and a lower mantle viscosity of at least one order of magnitude greater .
The geodetic position time-series may, as has been pointed out in Subsection 3.2, contain long-term effects from a weakness in the geocentre parameters. This problem has been pointed out by Argus (1996) with special application to vertical motion in VLBI. We consider the notion of regionally unbiased vertical rates in our efforts important because of the implications on determining sea level changes. Argus (1996) expects the long-term solution of this problem due partly to the large data base that is been built up internationally, and partly to the combination of techniques as this will strengthen the reference frame consistency. Comparison of SLR (Chen et al., 1999) and GPS (Heflin and Watkins, 1999) geocentre series shows that GPS presents less long-term stability. The analysis of Dong et al. (1999) shows 3 to 5 times more signal, and lower correlation with respect to atmospheric and hydrospheric mass centre terms than the SLR studies. Collocation of GPS stations with SLR stations and continuing efforts in SLR might turn out crucial in the future to obtain the full precision of GPS over the whole range of parameters, emphasising the problem of determining vertical motion of single stations in a geocentric frame.
Results from a regression between observed and modelled vertical ratesv obs = a + bv model show a surprisingly large bias a = −2.3 ± 0.3 mm/yr, but are in excellent agreement with relative rates, b = 1.05 ± 0.04.
The horizontal motion is shown in Fig. 3 . In order to characterise the error level we have propagated the standard phase measurement error at the front-end (assumed to be 1 cm) through the whole system of data analysis. This is the standard deviation depicted in Fig. 2 . A posteriori analysis of the residuals shows that the autocovariance can be described sufficiently well with a Gauss-Markov model c xx (t) ∝ ρ t , 0 < q < 1. We find this model slightly more in agreement with our data than the flicker-noise model explored by Zhang et al. (1997) . Uncertainties of rate estimates in Gauss-Markov noise are greater by a factor of √ (1 + ρ)/(1 − ρ) compared to the same signal embedded in white noise. Typical for our network is 0.3 < ρ < 0.6. An additional scaling factor for σ needs to be applied to ac- count for a large number of effects, of which scattering in the near field of the antennas, uncertainties in the motion field of the reference frames, slowly evolving satellite orbit biases (Heflin and Watkins, 1999) are probably the most important. This scaling factor is obtained a posteriori from the residuals of the motion analysis, and amounts typically between 1.5 and 3. It is seen to reflect some degree of regionalised variability (snow problems for instance are enhanced inland).
The horizontal results show a coherent pattern radiating outward from the uplift centre. Several of the data series from Finland are short due to the shorter history of these stations, and do not yet allow to detect motion with a standard deviation less than 1 mm/yr. We find no indication of deformation exceeding 3 mm/yr across the entire shield area. Our findings do not support the results of Kakkuri and Chen (1992) , who used repeated optical triangulation and estimated deformations at levels of 1 cm/yr over 100 km. Their results appear too close to the standard deviation of 0.1 micro-strain per year to be considered as robust. Also, the resolution of terrestrial methods is too weak for 1 nano-strain per year motions at a scale size of 2000 km. We can also dismiss the results of who derived horizontal motions from only two GPS campaigns concurrent with BIFROST. These authors clearly underestimate the level of systematic errors by qualifying the uncertainty of their solution only on the basis of the campaign repeatability error.
In Fig. 4 we compare baseline length results in a scatter plot of model versus observation. All baselines in this figure were observed for more than 365 days. The most striking feature is the clear centre of the spread being located in the extensional domain and grouped around a line with a slope of almost unity. A straight-line regression fit has been done assuming weights on the basis of the a priori standard deviation scaled up by two, a typical a posteriori scaling factor based on the motion analysis residuals. It results in a normalised χ 2 of 11 (null-hypothesis: 37). The baselines that have the station SAAR in common appear to form a group of outliers. This is the IGS station at Kiruna operated by the European Space Agency (ESA). Unlike in a SWEPOS station the SAAR antenna is mounted on a pillar that "floats" in a Quaternary sediment layer. Inspection of baseline length time-series (KIRU-SAAR for instance) shows that motion does not exhibit episodic or seasonally behaviour. This observation calls for further study, but also advises to be cautious in the use of the IGS-KIRU data. Repeating the regression but excluding SAAR the normalised χ 2 drops to 8.5. The slope of the regression line thus obtained is 0.944 ± 0.015 and shown in Fig. 4. 
Conclusions
Geodetic determinations from 1600 days of the operation of BIFROST have provided a data set from which a number of conclusions can be drawn. First, we clearly observe motion in the three spatial directions that is consistent with predictions from a postglacial isostatic rebound model. That model has been developed to fit Quaternary geological observations and tide gauge records (Lambeck et al., 1998) as well as the so-called Fennoscandian relaxation spectrum (Wiezcerkowski et al., 1999) . Since our previous report (Scherneck et al., 1998 ) the solution for horizontal motion has become more consistent. It has started to provide unique evidence that this component of motion is also dominated by the rebound. Since the model has not been inverted in this study to fit the GPS data there is some additional potential signal expected to be explained by a slightly revised rebound model. Eventually existing deformation due to other causes than postglacial rebound may have an upper bound at the 1 mm/yr scale. The case of one station not monumented on the special pillar and showing anomalous motion hints at the importance of stable connection to crystalline bedrock.
Our procedure for estimating errors benefits from the large statistical data base obtained in continuous GPS. We have applied a scale factor on our uncertainties of estimated rates that takes into account the Gauss-Markov noise character for which we find evidence from time-series analysis of positions estimates. Regionally coherent noise has been attenuated in a two-stage estimation using empirical orthogonal functions.
